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Gravitational lensing of the cosmic microwave background generates a curl pattern in the observed
polarization. This “B-mode” signal provides a measure of the projected mass distribution over the
entire observable Universe and also acts as a contaminant for the measurement of primordial gravity-
wave signals. In this Letter we present the first detection of gravitational lensing B modes, using
first-season data from the polarization-sensitive receiver on the South Pole Telescope (SPTpol). We
construct a template for the lensing B-mode signal by combining E-mode polarization measured by
SPTpol with estimates of the lensing potential from a Herschel-SPIRE map of the cosmic infrared
background. We compare this template to the B modes measured directly by SPTpol, finding a
non-zero correlation at 7.7σ significance. The correlation has an amplitude and scale-dependence
consistent with theoretical expectations, is robust with respect to analysis choices, and constitutes
the first measurement of a powerful cosmological observable.
PACS numbers: 98.70.Vc 95.30.Sf, 98.62.Sb, 95.85.Sz, 98.80.Cq
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2Introduction: Maps of the cosmic microwave back-
ground (CMB) [1] polarization anisotropies are naturally
decomposed into curl-free E modes and gradient-free B
modes [2, 3]. B modes are not generated at linear or-
der in perturbation theory by the scalar perturbations
which are the dominant source of CMB temperature and
E-mode anisotropies. Because of this, B modes are of
great interest as a clean probe of two more subtle sig-
nals: (1) primordial tensor perturbations in the early
Universe [4, 5], the measurement of which would provide
a unique probe of the energy scale of inflation; and (2)
gravitational lensing, which generates a distinctive non-
Gaussian B-mode signal [6] that can be used to measure
the projected mass distribution and constrain cosmolog-
ical parameters such as the sum of neutrino masses (for
a review, see [7]).
Previous experiments have placed upper limits on the
B-mode polarization anisotropy [8–11]. In this Letter we
present the first detection of B modes sourced by grav-
itational lensing, using first-season data from SPTpol,
the polarization-sensitive receiver on the South Pole Tele-
scope.
Gravitational lensing remaps the observed position of
CMB anisotropies as nˆ→ nˆ+∇φ(nˆ), where φ is the CMB
lensing potential [12]. This remapping mixes some of the
(relatively) large E-mode signal into B. The induced B
mode at Fourier wavevector ~lB is given to first order in
φ as [13]
Blens(~lB) =
∫
d2 ~lE
∫
d2~lφW
φ(~lE , ~lB ,~lφ)E(~lE)φ(~lφ),
(1)
where the weight function Wφ specifies the mixing. In
this Letter, we use measurements of E and φ to synthe-
size an estimate for the lensing contribution, which we
cross-correlate with measured B modes. Using maps of
the cosmic infrared background measured by the SPIRE
instrument onboard the Herschel space observatory to
estimate φ, and measurements of the E- and B-mode
polarization from SPTpol, we detect the lensing signal
at 7.7σ significance.
CMB Data: The South Pole Telescope (SPT) [14]
is a 10-meter telescope located at the geographic South
Pole. Here we use data from SPTpol, a polarization-
sensitive receiver installed on the telescope in January
2012. SPTpol consists of two arrays of polarization-
sensitive bolometers (PSBs): 1176 PSBs that observe at
150 GHz, and 360 PSBs that observe at 95 GHz. The in-
strument and its performance are described in Refs. [15–
18]. The observation strategy, calibration, and data re-
duction for SPTpol data are similar to those used for the
SPT-SZ survey, described in Ref. [19]. Here we briefly
summarize the important points.
We calibrate the PSB polarization sensitivities with
observations of a ground-based thermal source behind a
polarizing grid. This allows us to measure the polariza-
tion angle of individual PSBs with < 2o statistical un-
certainty and the average angle of all PSBs with < 0.1o
statistical uncertainty. We estimate systematic uncer-
tainty on the average angle to be <1o (1.5o) at 150 GHz
(95 GHz).
Between March and November 2012, we used SPTpol
to observe a 100 deg2 region of low-foreground sky, be-
tween 23h and 24h in right ascension and −50 and
−60 deg in declination. We process the SPTpol data
by “observations”, which are half-hour periods in which
the telescope scans half of the field. Each observation
is recorded as time-ordered data (TOD) from each PSB,
in azimuthal scans separated by steps in elevation. For
each scan, we apply a low-pass anti-aliasing filter as well
as a high-pass 4th-order polynomial subtraction to re-
move large-scale atmospheric fluctuations. This sup-
presses modes along the scan direction, which we account
for with a two-dimensional transfer function measured
from simulations of the filtering process.
In each observation, we drop PSBs with cuts based on
noise level during the observation, response to elevation-
dependent atmospheric power, and response to an in-
ternal thermal calibration source. Typical observations
include ∼800 PSBs (∼230 PSBs) at 150 GHz (95 GHz).
We cut scans for PSBs with glitches (caused, for exam-
ple, by cosmic ray hits). In typical 150 GHz (95 GHz)
observations, we lose ∼ 1% (∼ 4%) of the data due to
glitch removal.
Data from each PSB are accumulated into maps of the
I, Q, and U Stokes parameters using measured polar-
ization angles and polarization efficiencies. We weight
the TOD for each PSB in a scan by the inverse of
the variance along the scan direction between 1 Hz and
3 Hz (1300 . lx . 3900 for the telescope scan speed of
0.28 deg/s). We make maps using the oblique Lambert
azimuthal equal-area projection [20] with square 2′×2′
pixels. This projection preserves area on the sky but in-
troduces small distortions in angle; we account for these
distortions by rotating the Q and U components to main-
tain a consistent angular coordinate system across the
map. For each observation we form a noise map from
the difference of left- and right-going scans, cutting ob-
servations which are outliers in metrics such as overall
variance. This cut removes ∼8% (∼9%) of the 150 GHz
(95 GHz) data. Finally, we add the individual obser-
vations together to produce full-season maps, with po-
larization noise levels of approximately 10µK-arcmin at
150 GHz and 25µK-arcmin at 95 GHz.
Inaccuracy in PSB gain measurements can cause direct
leakage of the CMB temperature into polarization, which
we fit for using the cross-spectra of I with Q and U. We
find < 2% leakage at both 150 GHz and 95 GHz, which
we correct for by subtracting appropriate fractions of I
from Q and U. We show below that this correction is
unimportant for our final results.
We calibrate the overall amplitude of the SPTpol maps
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FIG. 1: Left: Wiener-filtered E-mode polarization measured by SPTpol at 150 GHz. Center: Wiener-filtered CMB lensing
potential inferred from CIB fluctuations measured by Herschel at 500µm. Right: gravitational lensing B-mode estimate
synthesized using Eq. (1). The lower left corner of each panel indicates the blue(-)/red(+) color scale.
to better than 1% in temperature by cross correlating
with SPT-SZ temperature maps over the same region
of sky. The SPT-SZ maps are calibrated by comparing
to the Planck surveyor 143 GHz maps [21] over the full
2500 deg2 SPT-SZ survey region.
CIB Data: We use maps of the cosmic infrared back-
ground (CIB) [22] obtained from the SPIRE instrument
[23] onboard the Herschel space observatory [24] as a
tracer of the CMB lensing potential φ. The CIB has
been established as a well-matched tracer of the lens-
ing potential [22, 25, 26] and currently provides a higher
signal-to-noise estimate of φ than is available with CMB
lens reconstruction. Its use in cross-correlation with the
SPTpol data also makes our measurement less sensitive
to instrumental systematic effects [27]. We focus on the
Herschel 500µm map, which has the best overlap with
the CMB lensing kernel [22].
Post-Map Analysis: We obtain Fourier-domain
CMB temperature and polarization modes using a
Wiener filter (for example, Ref. [28] and references
therein), derived by maximizing the likelihood of the
observed I, Q, and U maps as a function of the fields
T (~l), E(~l), and B(~l). The filter simultaneously decon-
volves the two-dimensional transfer function due to the
beam, TOD filtering, and map pixelization while down-
weighting modes that are “noisy” due to either atmo-
spheric fluctuations, extragalactic foreground power, or
instrumental noise. We place a prior on the CMB auto-
spectra, using the best-fit cosmological model given by
Ref. [29]. We use a simple model for the extragalac-
tic foreground power in temperature [19]. We use jack-
knife difference maps to determine a combined atmo-
sphere+instrument noise model, following Ref. [30]. We
set the noise level to infinity for any pixels within 5′ of
sources detected at > 5σ in [31]. We extend this mask to
10′ for all sources with flux greater than 50 mJy, as well as
galaxy clusters detected using the Sunyaev-Zel’dovich ef-
fect in Ref. [32]. These cuts remove approximately 5 deg2
of the total 100 deg2 survey area. We remove spatial
modes close to the scan direction with an `x < 400 cut,
as well as all modes with l > 3000. For these cuts, our es-
timated beam and filter map transfer functions are within
20% of unity for every unmasked mode (and accounted
for in our analysis in any case).
The Wiener filter naturally separates E and B con-
tributions, although in principle this separation depends
on the priors placed on their power spectra. To check
that we have successfully separated E and B, we also
form a simpler estimate using the χB formalism advo-
cated in [33]. This uses numerical derivatives to estimate
a field χB(~x) which is proportional to B in harmonic
space. This approach cleanly separates E and B, al-
though it can be somewhat noisier due to mode-mixing
induced by point source masking. We therefore do not
mask point sources when applying the χB estimator.
We obtain Wiener-filtered estimates φˆCIB of the lens-
ing potential from the Herschel 500µm maps by apply-
ing an apodized mask, Fourier transforming, and then
multiplying by CCIB-φl (C
CIB-CIB
l C
φφ
l )
−1. We limit our
analysis to modes l ≥ 150 of the CIB maps. We model
the power spectrum of the CIB following Ref. [34], with
CCIB-CIBl = 3500(l/3000)
−1.25Jy2/sr. We model the
cross-spectrum CCIB-φl between the CIB fluctuations and
the lensing potential using the SSED model of Ref. [35],
which places the peak of the CIB emissivity at redshift
zc = 2 with a broad redshift kernel of width σz = 2.
We choose a linear bias parameter for this model to
agree with the results of Refs. [22, 26]. More realistic
multi-frequency CIB models are available (for example,
Ref. [36]); however, we only require a reasonable tem-
plate. The detection significance is independent of errors
in the amplitude of the assumed CIB-φ correlation.
Results: In Fig. 1, we plot Wiener-filtered estimates
Eˆ150 and φˆCIB using the CMB measured by SPTpol at
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FIG. 2: Black, center bars: cross correlation of the lensing
B modes measured by SPTpol at 150 GHz with lensing B
modes inferred from CIB fluctuations measured by Herschel
and E modes measured by SPTpol at 150 GHz; as shown in
Fig. 1. Green, left-offset bars: same as black, but using E
modes measured at 95 GHz, testing both foreground contam-
ination and instrumental systematics. Orange, right-offset
bars: same as black, but with B modes obtained using the
χB procedure described in the text rather than our fiducial
Wiener filter. Gray bars: curl-mode null test as described in
the text. Dashed black curve: lensing B-mode power spec-
trum in the fiducial cosmological model.
150 GHz and the CIB fluctuations traced by Herschel.
In addition, we plot our estimate of the lensing B modes
obtained by applying Eq. (1) to these measurements. In
Fig. 2 we show the cross-spectrum between this lensing
B-mode estimate and the B modes measured directly
by SPTpol. The data points are a good fit to the ex-
pected cross-correlation, with a χ2/dof of 3.5/4 and a
corresponding probability-to-exceed (PTE) of 48%. We
determine the uncertainty and normalization of the cross-
spectrum estimate using an ensemble of simulated, lensed
CMB+noise maps and simulated Herschel maps. We
obtain comparable uncertainties if we replace any of the
three fields involved in this procedure with observed data
rather than a simulation, and the normalization we de-
termine for each bin is within 15% of an analytical pre-
diction based on approximating the Wiener filtering pro-
cedure as diagonal in Fourier space.
In addition to the cross-correlation Eφ×B, it is also
interesting to take a “lensing perspective” and rear-
range the fields to measure the correlation EB×φ. In
this approach, we perform a quadratic “EB” lens re-
construction [13] to estimate the lensing potential φˆEB ,
which we then cross-correlate with CIB fluctuations. The
observed cross-spectrum can be compared to previous
temperature-based lens reconstruction results [22, 26].
This cross-correlation is plotted in Fig. 3. Again, the
shape of the cross-correlation which we observe is in good
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FIG. 3: “Lensing view” of the EBφ correlation plotted in
Fig. 2, in which we cross-correlate an EB lens reconstruc-
tion from SPTpol data with CIB intensity fluctuations mea-
sured by Herschel. Left green, center black, and right or-
ange bars are as described in Fig. 2. Previous analyses using
temperature-based lens reconstruction from Planck [26] and
SPT-SZ [22] are shown with boxes. The results of Ref. [26] are
at a nominal wavelength of 550µm, which we scale to 500µm
with a factor of 1.22 [37]. The dashed black curve gives our
fiducial model for CCIB-φl as described in the text.
agreement with the fiducial model, with a χ2/dof of 2.2/4
and a PTE of 70%.
Both the Eφ×B and EB×φ cross-spectra discussed
above are probing the three-point correlation function
(or bispectrum) between E, B, and φ that is induced by
lensing. We assess the overall significance of the mea-
surement by constructing a minimum-variance estimator
for the amplitude Aˆ of this bispectrum, normalized to
have a value of unity for the fiducial cosmology+CIB
model (analogous to the analyses of Refs. [38, 39] for
the TTφ bispectrum). This estimator can be written as
a weighted sum over either of the two cross-spectra al-
ready discussed. Use of Aˆ removes an arbitrary choice
between the lensing or B-mode perspectives, as both are
simply collapsed faces of the EBφ bispectrum. Relative
to our fiducial model, we measure a bispectrum ampli-
tude Aˆ = 1.092± 0.141, non-zero at approximately 7.7σ.
We have tested that this result is insensitive to analy-
sis choices. Replacement of the B modes obtained using
the baseline Wiener filter with those determined using
the χB estimator causes a shift of 0.2σ. Our standard
B-mode estimate incorporates a mask to exclude bright
point sources, while the χB estimate does not. The good
agreement between them indicates the insensitivity of po-
larization lensing measurements to point-source contam-
ination. If we change the scan direction cut from lx<400
to 200 or 600, the measured amplitude shifts are less than
1.2σ, consistent with the root-mean-squared (rms) shifts
seen in simulations. If we repeat the analysis without
5correcting for I → Q, U leakage, the measured amplitude
shifts by less than 0.1σ. A similar shift is found if we ro-
tate the map polarization vectors by one degree to mimic
the E → B leakage which would be induced by an error
in the average PSB angle.
We have produced estimates of Bˆlens using alterna-
tive estimators of E. When we replace the E modes
measured at 150 GHz with those measured at 95 GHz,
we measure an amplitude Aˆ = 1.225± 0.164, indicating
a lack of significant foreground contamination or spuri-
ous correlations between 150 GHz E and B modes. We
have also estimated the bispectrum amplitude using the
CMB temperature as a tracer of E (exploiting the CTEl
correlation, as in Refs. [40, 41]). We obtain an ampli-
tude of Aˆ = 1.374 ± 0.427, consistent with unity. The
shifts between these values of Aˆ and our fiducial one are
consistent with the rms scatter seen in simulations.
Our amplitude estimate also passes several null
tests. Using E modes obtained from the difference
map of left-going and right-going scans, we measure
Aˆ = 0.049± 0.037. Replacing instead the B modes with
a difference map, we obtain Aˆ = −0.028± 0.119. We also
estimate the amplitude of the B-mode power sourced by
curl-type lensing modes. These generate deflections as
the curl of a scalar potential rather than a gradient [42].
Curl-type lensing modes are expected to be negligibly
small in the fiducial cosmological model [43], but could
be sourced by instrumental effects. If we take the CIB
as a tracer of curl-type lensing modes and measure the
lensing B-mode power in cross-correlation analogously,
we obtain the gray errorbars in Fig. 2, which are consis-
tent with the expected value of zero, having a χ2/dof of
2.9/4 (PTE = 57%).
As a final consistency test, we also replace the CIB-
based estimate of φ with quadratic lens reconstruc-
tions based on combinations TT , TE, EE, and EB
of the CMB fluctuations [13, 27, 43, 44]. These lens-
ing estimators probe the CMB lensing potential di-
rectly, and are not limited by the imperfect overlap
of the CIB redshift kernel with that of lensing. The
temperature-only lensing estimator has already been
used to make precise measurements of the lensing po-
tential power spectrum [30, 45–47]. We now have the
ability to extend this analysis to polarization. We have
not yet performed a thorough characterization of these
estimators or their sensitivity to analysis choices and
possible systematic effects in the SPTpol data; how-
ever, comparing the measured amplitudes with our fidu-
cial result using statistical error bars is still a use-
ful consistency test. We obtain amplitude estimates
in reasonable agreement with the fiducial cosmological
model, with AˆTT =0.675± 0.194, AˆTE=0.921± 0.294,
AˆEE=0.860± 0.267, and AˆEB = 0.960± 0.386. These
estimators probe the four-point correlations (or trispec-
tra) of the lensed CMB, which can be non-zero even
for Gaussian fluctuations. We have subtracted a “bias-
hardened” estimate of the Gaussian contribution [48] for
each estimator to correct for this.
Conclusions: B-mode polarization is a promising av-
enue for measuring both the CMB lensing potential φ
and primordial gravitational waves. In this Letter, we
have presented the first detection of B modes produced
by gravitational lensing. Beyond this detection, the lens-
ing B-mode map which we have synthesized can be sub-
tracted from the observed B modes in a process of “de-
lensing”, reducing the effective noise level for the mea-
surement of primordial B modes [7, 49–51]. The work
presented here is a first step in the eventual exploitation
of CMB B-mode polarization as a probe of both structure
formation and the inflationary epoch.
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